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In mammalian fertilization, paternal chromatin is exhaustively remodeled, yet the maternal contribution to this process is unknown. To address
this, we prevented the induction of meiotic exit by spermatozoa and examined sperm chromatin remodeling in metaphase II (mII) oocytes.
Methylation of paternal H3-K4 and H3-K9 remained low, unlike maternal H3, although paternal H3-K4 methylation increased in zygotes. Thus,
mII cytoplasm can sustain epigenetic asymmetry in a cell-cycle dependent manner. Paternal genomic DNA underwent oocyte-mediated cytosine
demethylation and acquired maternally-derived K12-acetylated H4 (AcH4-K12) independently of microtubule assembly and maternal chromatin.
AcH4-K12 persisted without typical maturation-associated deacetylation, irrespective of paternal pan-genomic cytosine methylation.
Contrastingly, somatic cell nuclei underwent rapid H4 deacetylation; sperm and somatic chromatin exhibited asymmetric AcH4-K12 dynamics
simultaneously within the same mII oocyte. Inhibition of somatic histone deacetylation revealed endogenous histone acetyl transferase activity.
Oocytes thus specify the histone acetylation status of given nuclei by differentially targeting histone deacetylase and acetyl transferase activities.
Asymmetric H4 acetylation during and immediately after fertilization was dispensable for development when both parental chromatin sets were
hyperacetylated. These studies delineate non-zygotic chromatin remodeling and suggest a powerful model with which to study de novo genomic
reprogramming.
© 2006 Elsevier Inc. All rights reserved.Keywords: Fertilization; Sperm chromatin remodeling; Genomic DNA methylation; Histone H4; Histone deacetylase (HDAC); Histone acetyl transferase (HAT)Introduction
At fertilization, paternal chromatin undergoes complete and
unparalleled remodeling. Once inside the oocyte, the sperm head
is rapidly divested of its perinuclear matrix, and molecular
chaperones including nucleoplasmins remove the major nucleo-
proteins, protamines (Ecklund and Levine, 1975; Philpott et al.,
1991; Sutovsky et al., 2003). The protamine content of mouse
spermatozoa is ∼99% of the total nucleoprotein (Balhorn et al.,
1977). Nucleoplasmin was first identified in Xenopus, and
although mammalian counterparts with nucleoplasmin activity
such as NPM2 have been identified (Burns et al., 2003), the
mechanism of protamine removal in mammals is poorly
understood (MacArthur and Shackleford, 1997; McLay and
Clarke, 2003).⁎ Corresponding author. Fax: +81 78 306 3144.
E-mail address: tony@cdb.riken.jp (A.C.F. Perry).
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doi:10.1016/j.ydbio.2006.08.006In the mouse, sperm nucleoprotein depletion produces a
relatively denuded state of decondensed genomic DNAwhich is
then colonized by maternal histones so that it recondenses
sufficient to participate in full development (Perry et al., 1999).
Nuclear transfer (nt) cloning has similarities to fertilization in
that an exogenous nucleus (in this case often from a somatic
nucleus donor cell rather than a sperm) is introduced into the
cytoplasm of a metaphase II (mII) oocyte where its chromatin
may undergo alterations that equip it to direct embryonic
development (Briggs and King, 1952; Willadsen, 1986). Both
transitions are examples of reprogramming whose underlying
physical alterations are termed chromatin remodeling. The two
processes differ in their efficiencies and in the extent of this
remodeling, since somatic cell chromatin arrives in the oocyte
preassembled.
With the advent of nt cloning, attention has focused on the
ability of mII oocyte cytoplasm to modify chromatin function-
ally, thereby programming (full) development (Briggs and King,
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2002; Wakayama and Perry, 2002). Xenopus egg extracts
exchange proteins with transferred somatic nuclei which they
remodel via the imitation switch protein, ISWI (Kikyo et al.,
2000). ISWI actively dissociates TATA-binding protein (TBP)
from the somatic nuclear matrix, whilst the Y-box proteins,
FRGY2a and FRGY2b are able to trigger nucleolar disassembly
(Kikyo et al., 2000; Gonda et al., 2003). However, Xenopus
ooplasm has not been shown to possess full reprogramming
activity (Gurdon, 1962), and the remodeling of mouse somatic
cell nuclei in nt is also inefficient; ∼50% of nt embryos fail
during preimplantation development and few of the remainder
develop fully (Ogura et al., 2002). This low efficiency probably
has multiple underlying causes because cloned mouse embryos
are partially able to complement each other and rescue their
developmental deficits when they are combined (Boiani et al.,
2003).
What are the critical determinants of productive chromatin
remodeling at fertilization and the likely causes of defective
remodeling in nt embryos? One indication that histone
acetylation might play a role is that early mouse embryos
exhibit histone hyperacetylation (Adenot et al., 1997). This
could mediate downstream events such as the marking of
replication origins prior to the first zygotic S-phase and the
potentiation of transcription (Vogelauer et al., 2002; Schübeler
et al., 2004; Danis et al., 2004), the first wave of which (zygotic
gene activation, ZGA) occurs in the mouse at the 1-cell stage
(Aoki et al., 1997). In mitotic cells, histone H4 is successively
acetylated in the order lysine 16 (K16), K12/8, K5 post-
maturation (Akhtar and Becker, 2000) and the bromodomain
protein, Brd2, selectively recognizes and associates with AcH4-
K12 to amplify transcription (Kanno et al., 2004). Acetylation
of histone N-terminal lysines corrals RNA polymerases II and
III for transcription (Grunstein, 1997; Tse et al., 1998).
Accordingly, N-terminally acetylated H4 binds with a high
affinity to bromodomain proteins such as the general transcrip-
tion factor, TAFII250 to facilitate transcription (Jacobson et al.,
2000) and histone H4 hyperacetylation is associated with
transcriptional activity (Schübeler et al., 2004). Histone
acetylation also prescribes the distribution of remodeling factors
such as ISWI, although the role of ISWI at fertilization in
mammals is unknown (Corona et al., 2002). This distribution
may affect transcription given the TBP-displacing activity of
ISWI (Kikyo et al., 2000).
Histone modifications which mediate transcriptional fluxes
are themselves linked to dynamic cellular processes including
mitogen-activated protein kinase (MAPK) signaling, the DNA
damage response and the cell cycle (Altheim and Schultz, 1999;
Howe et al., 2001; Doyon et al., 2004). Mammalian TIP60,
EPC1 and candidate tumor suppressor protein, ING3, form a
tripartite complex that promotes histone acetyl transferase
(HAT) activity, and ING3 links NuA4 H4 HAT activity with
p53-dependent transcription (Doyon et al., 2004).
Covalent histone modifications are associated with DNA
methylation, which causes H4 deacetylation and methylation of
H3-K9 (Hashimshony et al., 2003). The relationship between
these could be significant because paternal genomic DNA un-dergoes an extensive and active, replication-independent deple-
tion of 5-methyl cytosine (MeC) within mouse zygotes (Mayer
et al., 2000). Genome-wide paternal MeC loss is initiated
approximately 3 h post-fertilization and has been linked to
pronuclear formation (Santos et al., 2002). Clearly, complex
epigenetic changes within nascent embryos occur at a time
when the cell cycle is racing forward and the inter-relationship
between them is poorly understood. This is partly because the
contribution made by factors already present in the mII
cytoplasm has not been defined; immediately after gamete
fusion, an activating signal from the sperm causes cell cycle
resumption and changes the biochemical and functional nature
of this cytoplasm (discussed below).
In the mouse, it is apparently essential that mII oocytes are
used as recipients for effective nt. Most protocols include an mII
incubation step of 30–180 min following nt, during which
reprogramming by the oocyte cytoplasm is thought to occur. The
use of activated oocytes as nucleus recipients even minutes after
the induction of meiotic resumption (oocyte activation) results in
chromatin damage and reduced development (Wakayama et al.,
2000). Where zygotes are used as recipients, donor chromatin
becomes heavily degraded and produces embryos with 100%
abnormal karyotypes and 0% blastocyst development
(Wakayama et al., 2000). Chromatin remodeling following
oocyte activation therefore does not support nt cloning in the
mouse; in contrast to mII oocytes, zygotes are poor nucleus
recipients in terms of developmental potential (Wakayama and
Perry, 2002).
The reduction in developmental efficiency following activa-
tion reflects the rapidity with which extensive changes occur in
the oocyte. A protracted series of oscillations in levels of
intracellular Ca2+ initiates within 1–3 min of the fusion of the
oocyte with a fertilizing sperm (Lawrence et al., 1997). A likely
transducer of this signal is calmodulin kinase II, whose activity
increases four-fold simultaneouslywith ionomycin-inducedCa2+
release in themouse (Markoulaki et al., 2003). Degradation of the
maturation promoting factor subunit, cyclin B1 in Xenopus starts
within 5 min post-activation and is nearly complete by 10 min
(Watanabe et al., 1991). The induction of meiotic exit is
accompanied in Xenopus by abolition of the MAPK kinase
kinase, Mos, within 30 min. A presumptive interaction between
the cytostatic factor candidate, Emi2 andCdc20 is relievedwithin
2.5 min of Ca2+ exposure (Reimann and Jackson, 2002; Shoji et
al., 2006). Thus, early embryos rapidly (within minutes) cease to
be either biochemically or functionally equivalent to their mII
progenitors.
Much could be learned about mechanisms in reprogramming
by studying the interaction of mII cytoplasm with a sperm
nucleus. Like a tabula rasa, sperm-derived chromatin is
extensively erased and then built up de novo, providing a
powerful model with which to study the requirements of
functional chromatin building. Additionally, one-step somatic
cell nucleus reprogramming to totipotency is a property unique
to mII cytoplasm; no other cytoplasm has been shown to
achieve this in the mouse.
We dissected mammalian mII nuclear reprogramming by un-
coupling sperm chromatin remodeling frommeiotic progression.
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discriminate between gametic genomes and could direct simulta-
neous, asymmetric reprogramming of somatic cell and gamete
chromatin by targeting HAT and histone deacetylase (HDAC)
activities. This provides a functional delineationof the capacityof
mII cytoplasm to remodel different classes of nucleus.
Materials and methods
Preparation of gametes and embryos
Caput or cauda epididymidal spermatozoa from 12- to 30-week-old male
B6D2F1 mice were triturated in nuclear isolation medium containing 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS, 1% [w/v]) at
room temperature for 60 s (Fujimoto et al., 2004). Cells were washed twice in NIM
to give control demembranated heads, Chds. Where appropriate, part of the
suspension was incubated at 48°C for 30 min (Hhd) or 100°C for 15 min (Bhd).
Dhd were generated by resuspending Chd in DMSO and incubating at room
temperature for 30 min.
Oviductal mII oocytes were collected from superovulated, 8- to 12-week-old
B6D2F1 female mice 12–14 h after injection with human chorionic
gonadotropin. Incubation of mII oocytes and embryo culture was in droplets of
medium (5–10 μl) under mineral oil (Shire, Florence, KT) in a humidified
atmosphere of 5% (v/v) CO2 in air at 37°C (Perry et al., 1999) unless stated
otherwise. Mice were supplied by SLC (Shizuoka-ken, Japan) and handled
according to federal statutes and local institutional guidelines.
Micromanipulation
Sperm were mixed with an equal volume of 20% (w/v) PVP360 (average
Mr =360 kDa) and microinjected as described (Perry et al., 1999) within 90 min;
where appropriate, activation was immediately induced by exposure to SrCl2
(Fujimoto et al., 2004).
Enucleation of mII oocytes was in HEPES-buffered CZB or M2 medium
containing cytochalasin B (5 μg/ml). Enucleated oocytes were incubated for 1–
3 h in KSOM supplemented with TSA (0.1 μg/ml) as appropriate prior to piezo-
actuated microinjection (Prime Tech, Japan) of an ES (TT2) or cumulus cell
nucleus essentially as described (Ogura et al., 2002). Typically, TSA exposure
continued throughout microinjection and subsequent incubation except where nt
embryo culture was required. In this case, incubation was with or without TSA
for 3 h, followed by activation in Ca2+-free CZB (lacking TSA) supplemented
with 5 μg/ml cytochalasin B and 5 mM SrCl2 for 1 h and then for 5 h in KSOM
containing 5 μg/ml cytochalasin B, without TSA. Resultant nt zygotes were
washed thoroughly and cultured in KSOM. Pluriblast and trophectoderm cell
staining and counting was essentially as described (Thouas et al., 2001). For
delayed TSA exposure following cumulus cell nt, cells were incubated in TSA-
lacking medium for 4–5 h after nt and then transferred to medium containing
0.1 μg/ml TSA. Preincubation in KSOM containing demecolcine (50 μM) or
nocodazole (0.5 μg/ml) was for 1–2 h prior to nt, and they remained at their
respective concentrations during subsequent incubation.
Cumulus nucleus/sperm coinjection was performed by collecting a single
cumulus nucleus and then a sperm head from a mixed sperm/cumulus cell
suspension in 6–10% (w/v) PVP360.
Image acquisition and analysis
Bright field images were captured with a DP-12 digital camera (Olympus).
For immunofluorescence, samples were fixed in phosphate-buffered 2–4% (w/v)
paraformaldehyde for 20 min prior to labeling with antibodies against histones
H1 (Santa Cruz Biotechnology, Inc.), mono-, di- and tri-MeH3-K4, di- or tri-
MeH3-K9, AcH4-K8 or AcH4-K12 (Upstate Biotechnology), 5-MeC (Euro-
gentec, Belgium), HDAC1, HDAC2 (Affinity BioReagents), or α-tubulin
(Sigma), followed by secondary, Alexa 488- or TRITC-conjugated anti-mouse or
-rabbit IgG antibodies (Molecular Probes, Inc.). Genomic DNAwas labeled with
propidium iodide or DAPI (Sigma). Fluorescence was visualized on an Eclipse
E600 (Nikon) or Axiovert 200 (Zeiss) microscope equipped with a Radiance2100 laser scanning confocal system (BioRad). Images were acquired using
LaserSharp 2000 software and projection data exported as 8-bit TIFF files. All
experiments were performed on at least two occasions. Relative intensity of
fluorescence for each chromosome cluster was quantified with the integrated
MetaMorph morphometry analysis program (Universal Imaging Corp.)
essentially as described (Klimaschewski et al., 2002). Each average immuno-
fluorescence value was respectively expressed as a ratio with that of the
corresponding area stained with propidium iodide. Data (mean±s.e.m.) were
analyzed where appropriate by paired Student's t-tests. Maternal mII chromo-
some arrays were distinguished from other chromatin by one or more of their
characteristics, including orderliness, mature spindles, fully condensed chroma-
tin and morphological consistency.
PCR
For standard RT-PCR, total RNA was extracted from 162 to 280 cumulus-
denuded mII oocytes and 200 ng subjected to oligo (dT)20-primed first-strand
cDNA synthesis essentially as previously described (Shoji et al., 2006). PCR
parameters were: 94°C, 30 s; 58°C, 30 s; 72°C, 1 min (35 cycles) preceded by a
hot start (94°C, 4 min) and followed by an extension (72°C, 4 min). 40–50% of
each reaction was examined by 2% (w/v) agarose gel electrophoresis. All test
reactions were accompanied by negative, RT-minus controls and were
performed on at least two independent preparations.
For quantification of mRNAs (qPCR), single embryos were collected in 1 μl
0.2% (w/v) sarkosyl, heated at 65°C for 5 min and subjected to oligo (dT)20-primed
first-strand cDNA synthesis and used to program PCR as described (Shoji et al.,
2006), with the parameters: 95°C, 15 s; 58°C, 15 s; 72°C, 35 s (45 cycles) after a hot
start (95°C, 10 min). Product quantification was on a Prism 7500 Sequence
Detection System (Applied Biosystems). Construction of standard curves and
normalization relative to H2A.Z were as previously described (Jeong et al., 2005;
Shoji et al., 2006). For HDAC qPCR, known amounts of PCR amplimers con-
taining target sequences served as standards. Data (mean±s.e.m.) were analyzed
where appropriate by paired Student's t-tests. PCR primer sequences are given in
Supplementary Table 1.
Immunoblotting
Immunoblotting was with anti-rabbit polyclonal antibodies against AcH4-
K12 or TIP60 (Santa Cruz), HDAC1 or HDAC2 (Affinity BioReagents).
Following standard SDS-PAGE, blocking (Block Ace; Snow Brand Milk
Products Co. Ltd., Japan) blotting and immunodetection was typically
performed using (Toyobo Co., Ltd., Japan) enhancer with a LumiGLO
Reserve Chemiluminescent Substrate Kit (Kirkegard and Perry Laboratories,
Inc.). Blots were stripped with Western blot stripping solution (Nakalai
Tesque Inc., Japan) and re-probed with anti-α-tubulin antibodies to confirm
equal loadings.
Results
Oocytes arrested at mII exhaustively remodel sperm chromatin
distinctively from maternal chromatin
To probe sperm chromatin remodeling within mII cytoplasm
we first abolished the ability of sperm to induce meiotic exit
such that they retained the ability to support development (Perry
et al., 1999). Control, demembranated sperm heads (Chds)
induced meiotic resumption after injection into mouse mII
oocytes but this ability was completely removed by prior
incubation of Chds at 48°C for 30 min (Hhds; Fig. 1A, leftmost
panel). Oocytes injected with Hhds and immediately exposed to
the activating agent, SrCl2, developed efficiently in vitro (Figs.
1A, B) and to term in vivo (15/85 [18%] of transferred 2-cell
embryos produced pups). In our hands, 20–40% transferred
Chd-derived embryos or their equivalents yield offspring. Hhds
Fig. 1. Heat-inactivated sperm heads (Hhds) are developmentally competent and remodeled after injection into mII oocytes. (A) Hoffman modulation microscopy after
Hhd injection of oocytes without (leftmost panel) or with SrCl2 activation. Black arrowheads show two metaphase chromosome clusters protruding beneath the plasma
membrane. Scale bar=20 μm. (B) Efficiency of development to the morula/blastocyst (m/b) stage ∼80 h after microinjection. (C) Vertically paired panels showing
immunofluorescence of pan-H1(upper row) and propidium iodide (PI) staining (lower) associated with the Hhd genome after injection into mII oocytes. Scale bar for
leftmost panel=20 μm, with Hhd indicated by a white arrowhead. The longer scale bar applies to all other panels and also=20 μm. Quantification of decondensation
and recondensation of chromatin associated with the Hhd genome (D) and indirect H1 immunofluorescence (E) following Hhd injection into mII oocytes. (F) RT-PCR
analysis of chromatin loading factor mRNAs in mII oocytes, showing amplimer sizes in base pairs (bp).
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developmentally competent.
Within 6 h of Hhd injection, sperm chromatin had first
swollen (decondensed) and then recondensed to induce a plasma
membrane distortion like that of thematernalmII plate (Figs. 1A,
C, D). Recondensed chromatin formed finger-like univalent
structures by ∼4 h, and by 6 h became a disordered array of
condensed structures resembling lampbrush chromosomes (Fig.
1C) (Gall and Murphy, 1998). Pan-H1 staining increased
unevenly and rapidly within ∼80 min of injection, increasing
more gradually thereafter (Figs. 1C, E). Oocytes contained
transcripts for several histone loading factors, including Hira,
Caf-1, Snf5, Brg1 and Brm (Fig. 1F).
Hhds acquired histone H4 acetylated at K8, (data not shown)
and K12 (Figs. 2A, B) within 20–40 min of injection. H4 K12
acetylation (AcH4-K12) was subsequently monitored because it
is indicative of AcH4-K5 and AcH4-K8 (Suka et al., 2001).AcH4-K12 levels remained high, decreasing slightly from 80 to
120 min but little between 2 and 4 h; after 4 h the value was still
83.6% of the maximal value at 80 min and remained well above
background levels 6 h later (53.8% maximal; Figs. 2A, B). H4
acetylation status is thus not closely linked to chromatin
condensation. The level of AcH4-K12 in maternal chromatin
remained low, but slightly above background levels throughout
(Fig. 2A). Activation with SrCl2 immediately after Hhd
injection did not alter paternal AcH4-K12 levels (Fig. 2A).
We were unable to detect AcH4-K12 in Hhds prior to, or
immediately following injection, although H1 (Fig. 1C) and
protamine (data not shown) were immunolabeled, demonstrat-
ing antibody accessibility. Demembranated sperm heads heated
to 100°C for 15 min (Bhds) underwent different morphological
changes compared to Hhds in mII oocytes, but there was no
marked difference in the dynamics of AcH4-K12 association
(Supplementary Fig. 1A). The dynamics of AcH4-K12 in Chds
Fig. 2. Distinctive patterns of chromatin remodeling within mII oocytes. Immunofluorescence microscopy (A) and quantification (B) of AcH4-K12 at the times
indicated after a single Hhd injection into mII oocytes. (C) AcH4-K12 immunofluorescence following the coinjection of 3 Hhds. (D) Immunoblot analysis of AcH4-
K12 in 100 mII oocytes 80 min post-Hhd injection (mII+Hhd), 100 age-matched, uninjected oocytes (mII), and 103 or 104 cumulus cells. (E) Staining for di-MeH3-K9
after single Hhd injection. Staining for pan-MeH3-K4 after injection of a single Hhd or Chd (F) or cumulus nucleus (G). Vertically paired panels show
immunofluorescence (upper row) and propidium iodide (PI) staining (lower). Paternal chromatin is marked with an arrowhead in (A, E and F); a second polar body is
marked with an arrow (A, F). Scale bars=20 μm throughout.
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sulfoxide, DMSO, [Dhds] prior to injection) were similar to
those of Hhds and Bhds (Supplementary Figs. 1A, B). These
data indicate that epigenetic segregation of gamete genomes and
the appearance of AcH4-K12 in paternal chromatin are effected
by mII cytoplasm, with no enzymatic input from sperm heads or
cell cycle progression.
To probe the mechanism of this epigenetic segregation, we
asked whether it could be saturated by the injection of multipleHhds. When three Hhds were co-injected, each exhibited strong
anti-AcH4-K12 staining but failed to recondense completely
(Fig. 2C). This suggests that there is limited availability of one or
more mII-derived activities needed for recondensation of the
paternal genome. In addition, AcH4-K12 in maternal chromatin
had increased by 2–4 h compared to controls injected with a
single Hhd, an effect that was more pronounced when 5 Hhds
were co-injected (Figs. 2A, C; data not shown). This indicates
that the homeostatic mechanism responsible for low levels of
Fig. 3. Chromatin remodeling within mII oocytes occurs independently of global
genomic methylation. Immunofluorescence microscopy showing labeling of mII
oocytes injected with (A) cauda and (B) caput epididymidal heated sperm heads
(respectively Hhd and Hhd-cap) with anti-5MeC antibodies (upper) or with
propidium iodide (PI), at the times indicated after injection. (C) Immunofluor-
escence microscopy of AcH4-K12 at the times indicated after a single Hhd-cap
injection into mII oocytes. Scale bars=20 μm throughout.
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multiple sperm heads.
Histone H4 is typically deposited onto nascent chromatin in a
K5, K12 di-acetylated form following DNA replication (Sobel
et al., 1995). However, since mII-mediated remodeling
represents an atypical situation in which deposition is not cou-
pled to S-phase we wished to confirm that a similar mechanism
was in operation. Specifically, we tested whether the introduc-
tion of Hhds into oocytes stimulated net H4 acetylation.
Immunoblotting revealed that the level of AcH4-K12 in mII
oocytes 80 min after injection (each with a single Hhd) was
similar to that of age-matched, non-injected oocytes (Fig. 2D).
This suggests that the paternal genome does not stimulate net
histone acetylation and that the deposition of pre-acetylated H4
accounts for the appearance of most of the AcH4-K12 in
paternal gametic chromatin.
Di-methyl-H3-K9 (di-MeH3-K9, Fig. 2D) and tri-MeH3-
K9 (data not shown), which are associated with transcriptional
repression (Wang et al., 2003), remained undetectable on Hhd-
derived genomic DNA. In contrast, both di-MeH3-K9 (Fig.
2E) and tri-MeH3-K9 (data not shown) were clearly present in
maternal chromosomes throughout. Hhd-associated mono-, di-
and tri-MeH3-K4 also remained undetectable following
injection into mII oocytes; maternal chromatin contained
high levels of pan-MeH3-K4 (MeH3-K4) throughout (Fig.
2F). MeH3-K4 regulation was cell-cycle sensitive, since
paternal pronuclear chromatin in zygotes (6 h post-injection
with Chds) contained readily detectable MeH3-K4, in contrast
to Hhd-derived chromatin 6 h post-injection (Fig. 2F).
Following transfer into enucleated mII oocytes, cumulus cell
nuclei exhibited a low level of MeH3-K4 throughout the time-
course (Fig. 2G).
Global paternal genomic DNA methylation does not determine
the kinetics of associated histone acetylation and its
demethylation is oocyte-mediated
In mitotic cells, methylated DNA binding proteins effect a
reduction of histone acetylation by recruiting HDAC to
chromatin (Bird and Wolffe, 1999; Jones et al., 1998; Nan et
al., 1998). We therefore addressed the methylation status of
sperm-derived genomic DNA during prolonged exposure to mII
cytoplasm, using a well-characterized anti-MeC antibody
(Mayer et al., 2000). Both paternal and maternal genomes
were rich in MeC until ∼4 h after injection of mII oocytes with
Hhds (Fig. 3A). However, by 6 h, MeC was only weakly
detectable in sperm-derived DNA, whilst the maternal genome
remained highly methylated. Hhd-, Bhd- and Dhd-derived
genomes exhibited similar kinetics of MeC reduction (Fig. 3A
and Supplementary Fig. 2). These data indicate that contrary to
previous reports, demethylation of the paternal genome is
neither facilitated by (Beaujean et al., 2004), nor inseparably
linked to (Santos et al., 2002) pronuclear formation, and is thus
not strictly dependent on the cell cycle. Factors present in the mII
oocyte cytoplasm mediate this process, with no indication of
contribution (for example, an enzymatic one) from spermatozoa
unless it is highly thermostable.The correlation between decreasing levels of MeC and AcH4
in paternal chromatin is unexpected; on the contrary, the
precedents are for an inverse correlation (Jones et al., 1998;
Nan et al., 1998). This raises the question of whether the two are
causally linked in chromatin of the sperm genome. To
investigate this, we determined the behavior of Hhds obtained
from caput epididymidal sperm (Hhd-cap) following injection
into mII oocytes. Genomic DNA in caput epididymidal sperm
has previously been shown to be under-methylated, with
remethylation occurring during transit to the cauda epididymidis
Fig. 4. Exogenous nucleus-dependent chromatin dynamicsmodulated bymII oocytes. (A) Immunofluorescencemicroscopy and (B) quantification of AcH4-K12 after a
cumulus nucleus injection into mII oocytes. These data are plotted as a function of time in (C), with open and closed circles respectively corresponding to Hhd (Figs. 2A,
B) and cumulus nucleus (A, B) data points. (D) Immunofluorescence of AcH4-K12 (red) in enucleated mII oocytes coinjected with a Hhd plus a cumulus cell nucleus.
Spindles are visualized by α-tubulin staining (green, second row) and DNA stained with DAPI (blue, third row). Each column represents the same cell with times post-
injection indicated in the top panel. Arrowheads show the presence of the sperm-derived genome. Scale bars=20 μm throughout.
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Fig. 5. Chromatin remodeling by mII oocytes does not require maternal
chromosomes and is independent of cytoskeletal dynamics. (A) Immunofluor-
escence microscopy showing chromatin remodeling with respect to AcH4-K12
following Hhd or cumulus nucleus injection into enucleated mII oocytes as
indicated. (B) The dynamics of AcH4-K12 in chromatin after Hhd injection into
mII oocytes treated with demecolcine, shown by immunofluorescence
microscopy. Scale bars=20 μm throughout.
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derived DNA lacked abundant MeC for the entire time course
(Figs. 3B, C). The dynamics of acetylated H4 acquisition and
depletion in Hhd-cap-derived chromatin was similar to that of
cauda epididymidal Hhds (Figs. 2A, 3C). Histone remodeling is
therefore independent of the global presence of MeC in paternal
DNA.
Chromatin remodeling is nucleus-sensitive
Sustained levels of AcH4-K12 associated with Hhd-, Bhd-
andDhd-derived genomes seemingly contrast withmII-mediated
H4 deacetylation in somatic (NIH3T3) cell chromatin (Kim et al.,
2003). We investigated this for acutely isolated cumulus cell
nuclei, which are favored in nt protocols (Ogura et al., 2002).
Prior to injection, 94.7±0.9% (n=1056) of cumulus cells readily
stained for AcH4-K12 (Fig. 4A, inset). However, over 6 h,
AcH4-K12 labeling declined to undetectable levels in a process
commencing soon after injection (Figs. 4A–C). ES cell nuclei
underwent a similar, if slightly shallower decline (Supplementary
Fig. 3). Di-MeH3-K9 remained low in transferred cumulus cell
nuclei (data not shown).
Microfilament perturbation is necessary for efficient enu-
cleation in mammalian nt protocols (Willadsen, 1986) and actin
is a component of the H4 HAT complex, NuA4 (Galarneau et
al., 2000). We therefore determined whether interfering with
microfilament and microtubule dynamics altered H4 acetyla-
tion. Hhd- and cumulus-derived chromatin labeling with anti-
AcH4-K12 antibodies were respectively indistinguishable after
injection into control (nucleated) mII oocytes (see above) and
enucleated ones (Fig. 5A). Moreover, treatment of oocytes with
nocodazole (data not shown) or demecolcine (Fig. 5B) prior to,
during and after Hhd introduction did not alter AcH4-K12
chromatin dynamics. The mII cytoplasm thus differentially
remodels Hhd- and cumulus-derived chromatin independently
of a maternal chromosome assembly or of microfilament or
microtubule stability.
Strikingly, when we co-injected a cumulus nucleus plus an
Hhd into the same mII oocyte, the asymmetric AcH4-K12
dynamics were conserved; Hhd-derived genomes acquired
sustained AcH4-K12 whilst those of cumulus cells became
simultaneously depleted of AcH4-K12 (Fig. 4D). After 40 min
the AcH4-K12 content of each nucleus was almost identical
(Fig. 4C); differences were therefore not simply a response to
the existing level of associated AcH4-K12. Hhd- and cumulus-
derived chromatin thus play prescriptive roles in their distinc-
tive remodeling by the mII ooplasm.
Distinctive histone acetylation profiles are produced by
modulating the balance of HAT and HDAC activities
Persistently high AcH4-K12 in sperm-derived paternal
chromatin is anomalous because newly-synthesized acetyl-H4
is typically deacetylated within∼20 min of deposition as part of
the process of chromatin maturation (Jackson et al., 1976). We
investigated this paradox by incubating injected oocytes in the
HDAC inhibitor, trichostatin A (TSA). AcH4-K12 staining ofthe Hhd-derived genome reached a slightly elevated plateau
value (compared to controls) ∼80 min after injection,
subsequently remaining high rather than gradually decreasing
as it did when TSA was omitted (Figs. 6A, B; compare with
Figs. 2A, B). The lack of a pronounced stimulatory effect of
TSA on the acquisition of AcH4-K12 by Hhds over the 80 min
period indicates the absence of significant HDAC activity.
However, a second phase (>4 h) was marked by a gradual
increase of AcH4-K12 in TSA-treated cells (Figs. 6A, B), rather
than the decline observed in non-treated controls (Figs. 2A, B).
The TSA-sensitivity of this second phase therefore reflects a
gradual increase in the balance of HDAC activity towards
gametic paternal chromatin. Such phase switching suggests
complex HDAC dynamics. Transcripts for multiple HDACs are
detectable in mII oocytes, including HDAC1, 2, 3, 4, 6, 8, 9 and
Sirt1 (Fig. 6C). Western blotting confirmed the presence of
HDAC1 and HDAC2 proteins (Fig. 6D); they lacked chromatin
localization in the absence of a retaining nuclear membrane,
becoming dispersed throughout the cytoplasm of maturing
oocytes and mII oocytes containing cumulus cell nuclei (Fig.
6E). Consistent with this, major remodeling proteins have been
proposed to sustain developmental plasticity in pluripotent cells
by binding chromatin hyperdynamically (Meshorer et al.,
2006). Following fertilization and during preimplantation
development, distinct HDAC mRNAs exhibit characteristic
expression profiles (Fig. 6F). This suggests that HDACs with
different properties are carefully regulated in mII oocytes and
early embryos.
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remained high in TSA-treated oocytes (data not shown).
Following TSA treatment, we noted an elevation in the level
of maternal AcH4-K12 (Fig. 6A), suggestive of HAT activity.
This was at variance with a previous study that excluded the
presence of HAT in mII oocytes (Kim et al., 2003). To
investigate this, oocytes injected with cumulus nuclei were
incubated for 4–5 h to allow a reduction in the level of AcH4-
K12 to an undetectable level, and then for a further 4–5 h in
media containing TSA (Fig. 6G). AcH4-K12 clearly appeared
in the somatic-cell-derived chromatin during TSA incubation
(Figs. 6G, H). This shows that mII oocytes possess HATactivity
to which somatic cell nuclei are accessible. Transcripts enco-
ding HAT components and accessory factors were detected in
mII oocytes, including all components of the nucleosomal HAT
complex, NuA4 (Doyon et al., 2004) (Fig. 6I) and HAT-
associated factors GCN5, PCAF5, PCAF6, HAT1, MYST1,
MYST2 and MYST3 (data not shown). TIP60 protein, the
catalytic NuA4 subunit, was readily detected in mII oocytes
(Fig. 6J). These studies suggest that in mII chromatin newly-
assembled on a sperm-derived genome, HAT activity predomi-
nates over that of HDAC, whereas for chromatin derived from
somatic cell nuclei the converse is true, with HDAC>HAT.
Uniform H4 hyperacetylation of both parental chromatin sets
during and immediately after fertilization supports
development
What, if any, are the consequences of asymmetric H4 acet-
ylation for fertilization and development? We first visited this
question for nt embryos, since they contain parental genomes
whose H4 acetylation levels are identical (i.e., undetectable)
soon after somatic cell nt (Figs. 4A, B). The poor development of
nt embryos must either be the result of this loss, or the fact that
AcH4-K12 levels in parental genomes are indistinguishable one
from another, both neither. To distinguish between these pos-
sibilities, we monitored preimplantation development of cumu-
lus cell nt embryos produced following incubation for 3 h in
TSA prior to SrCl2 activation, or controls not exposed to TSA
prior to activation (Fig. 7A). TSA enhanced preimplantation
development at embryonic day 3.0 (E3.0) by a modest amount
(Fig. 7B; p<0.01). The TSA-associated enhancement persisted
at E.4.0 (30.3 vs. 41.5% development; p<0.05), producing
blastocysts with a higher proportion of inner cell mass cells
(respectively 31.2 [n=75] vs. 28.3% [n=67]; p<0.05). TSA
treatment did not markedly affect the expression of a selection of
embryonically active genes in E3.0 nt morulae with the possible
exception of the extra-embryonic lineage marker, Cdx2, whoseFig. 6. HDAC and HATactivities are endogenous to mII oocytes. Immunofluorescenc
Hhd injection into mII oocytes in the continued presence of the HDAC inhibitor, TSA
blotting of mII oocytes (50/lane) and cumulus cells (10,000/lane) for HDAC1 and H
germinal vesicle (GV) oocytes and following GV breakdown (GVBD), and 80 min af
showing HDAC transcript levels relative to H2A.Z in mII oocytes and at different emb
immunofluorescence microscopy showing representative cells 4 h after cumulus nucl
presence of TSA (+TSA, right). Panels are paired vertically with propidium iodide
incubation in TSA (+TSA, right) and for controls in which TSAwas omitted througho
mII oocytes. (J) Western blotting of mII oocytes (100/lane) and cumulus cells (5000steady state level was greater (p<0.05, n=9) in the TSA-treated
group than the non-treated one (Fig. 7C). These data suggest that
the level of AcH4-K12 following nt per se is not a major
determinant of poor embryonic development. However, this
does not eliminate the possibility that instead, the difference in
H4 acetylation between the parental genomes is a determinant of
developmental outcome.
We tested this in the context of fertilization in two ways. First,
we injected Chds into mII oocytes that had been pre-incubated
for 3 h in TSA and continued incubation for 6 h (Fig. 7D).
Preincubation induced hyperacetylation of maternal chromatin
H4 (Fig. 7D). Although H4 acetylation in both pronuclei was
comparable after 6 h (Adenot et al., 1997; Fig. 7D),
hyperacetylation of maternal chromatin at the time of sperm
entry (followed by continued incubation in TSA) abolished
differential gametic H4 acetylation during the period of paternal
epigenetic remodeling. However, development in vitro (Fig. 7E)
and in vivo (Fig. 7F) was not significantly affected by TSA
exposure. A second series of analogous experiments in which
oocytes were fertilized in vitro (IVF) corroborated this, with no
significant difference in preimplantation development between
TSA-treated and -untreated groups (data not shown). These data
strongly suggest that gametic asymmetry with respect to levels
of AcH4-K12 is dispensable during and immediately after
fertilization when those levels are high.
Discussion
The rapid induction of oocyte activation by a fertilizing
sperm confounds analysis of the remodeling capacity of mII
cytoplasm because the cytoplasm becomes irrevocably altered
with this induction. We circumvented this problem by
abrogating sperm-induced oocyte activation, thereby uncou-
pling meiotic exit from paternal chromatin remodeling. This
enabled a direct comparison of the gross remodeling at mII of
somatic cell nuclei with that of a more physiological substrate,
sperm chromatin.
The remodeling of sperm and somatic cell nuclei within mII
oocytes is distinctive and not superimposable. Adventitious
nuclei are thus able to modulate the reprogramming activity of
mII oocytes during nucleo-cytoplasmic dialogue. This is un-
likely to be a trivial consequence of the time taken for metaphase
chromosome or spindle formation (Figs. 1C, 4A, D). Somatic
chromatin condensation is clear after 60 min yet AcH4-K12
declined to 58.97% of this value after a further 60 min (Fig. 4A);
a decline of this magnitude has still not occurred 2 h after the
formation of condensed gametic paternal chromatin, 6 h post-
Hhd injection. Although mII cytoplasm is able to effecte microscopy (A) and quantification (B) of AcH4-K12 at the times indicated after
. (C) RT-PCR analysis of different HDAC transcripts in mII oocytes. (D) Western
DAC2. (E) Immunofluorescence microscopy showing HDAC1 and HDAC2 in
ter a cumulus nucleus injection into an mII oocyte. (F) Ratiometric PCR (qPCR)
ryonic stages following natural mating. m, morula; b, blastocyst. (G) AcH4-K12
eus injection in the absence of TSA (left) and after a further 4 h incubation in the
(PI) staining of the same sample. (H) Corresponding quantification following
ut the time-course (−TSA). (I) RT-PCR analysis of HAT-associated transcripts in
/lane) for the catalytic subunit of NuA4, TIP60. Scale bars=20 μm throughout.
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suspend it (in the case of gametic paternal chromatin).
The depletion of AcH4-K12, experienced by NIH 3T3
fibroblast nuclei (this work; Kim et al., 2003), lead to an earlier
conclusion that net deacetylation of AcH4 is an obligate meiotic
activity, reflecting a lack of significant HATactivity mII oocytes
(Kim et al., 2003). However, when deacetylation of cumulus-
derived chromatin was allowed to proceed to completion prior to
the inhibition of HDAC (by TSA), its H4 quickly acquired
AcK12 moieties at levels well above those of native cumulus
nuclei (Fig. 6G). Furthermore, TSA treatment enhanced H4
acetylation from ∼80 min after the injection of Hhds (compare
Figs. 2B and 6B). The presence of 3–5 Hhds had the apparent
effect of titrating HDAC activity to cause an increase in AcH4-
K12 in maternal nucleosomes (Fig. 2C). Moreover, mII oocytes
possess transcripts for all essential and many accessory subunits
of NuA4 HAT (Doyon et al., 2004); TIP60 protein, the catalyticFig. 7. Symmetrical H4 hyperacetylation is permissive for development following n
cumulus nucleus injection into mII oocytes preincubated with (+TSA, right) or w
propidium iodide (PI). Scale bar=20 μm. (B) Percentages of starting nt embryos re
groups at E3.5. Asterisks indicate significant difference (p<0.01). (C) Ratiometric PC
classes of morulae/blastocysts at E3.5 (n=5–10). In each case, the value was normali
set at 1.0. (D) Immunofluorescence microscopy for AcH4-K-12 (upper) or propidium
of injection) and oocytes 6 h post-Chd injection where subsequent incubation was i
embryos from the same series as (D) in vitro (E), or in vivo (F) following transfer to s
+TSA and −TSA groups in panels E and F are not significant.subunit of NuA4, was readily detected in mII oocytes. These
findings indicate de novo HAT activity and suggest that histone
acetylation homeostasis is controlled in mII oocytes by
modulating the balance of HDAC and HAT activities. This
balance can evidently be targeted according to the provenance of
the nucleus; a given mII oocyte is able to distinguish between
distinct nuclei (implying recognition) and simultaneously target
different balances of HAT/HDAC activities with clearly distinct
outcomes.
The ability of oocytes tomodulate the histone acetylation status
of chromatin in different genomes, including gametic genomes,
was expected given the pleiotropic effects of AcH4 dynamics that
might operate in early embryogenesis. However, our data
paradoxically suggest that the simultaneous hyperacetylation of
both sets of gametic chromatin has little or no effect on subsequent
development (Figs. 7E, F). The simplest explanation of this is that
none of the possible modes of regulation by histone acetylation isuclear transfer and fertilization. (A) Immunofluorescence microscopy 3 h after
ithout TSA, with vertically-paired images staining for AcH4-K-12 (upper) or
aching the developmental stages shown in control (−TSA) and TSA-treatment
R to showing relative expression levels of selected embryonic genes in different
zed against H2A.Z and expressed relative to the value for Chd injection (−TSA),
iodide (PI) in uninjected mII oocytes 3 h after exposure to TSA (i.e., at the time
n the presence (+TSA) or absence of TSA. Scale bar=20 μm. Development of
urrogate mothers. Percentages in both cases are of zygotes. Differences between
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of netHDACandHATactivities is presumably a consequence of a
later requirement. By analogy, the targeting could also represent a
remnant of an earlier requirement, for example the establishment
of facultative maternal heterochromatin by HDAC (Braunstein et
al., 1996; Vaquero et al., 2004). It is also possible that the relative
levels of H4 acetylation are important, but are functionally
redundant and can be rescued by one or more compensatory
mechanisms. One such mechanism may be histone hyperacetyla-
tion and it is possible – but difficult to test experimentally – that
developmental failure occurs where both sets of gametic parental
chromatin are hypoacetylated. This situation is not necessarily
comparable to nt, in which additional factors might account for
poor development in addition to hypoacetylation (Wakayama and
Perry, 2002; discussed below).
The overall chromatin dynamics of histone acetylation are
apparently independent of genomic DNA cytosine methylation
in mII oocytes. This can be inferred by the equivalent fates of
caput and cauda epididymidal sperm with respect to H4
acetylation immediately after transfer into mII oocytes, but
non-equivalence of their global MeC content (Fig. 3; Ariel et al.,
1994). H4 deacetylation is promoted by genomic DNA
methylation in mice and is essential for early embryogenesis
(Hashimshony et al., 2003). Indeed, the profile of modified
histones can be influenced by its cytosine methylation in diverse
systems (Bird and Wolffe, 1999). However, this work clearly
shows that methylated paternal genomic DNA associates with
AcH4 and is insufficient to recruit predominating HDAC
activity. Since full development is efficiently supported by
caput sperm Chds (data not shown), the act of global genomic
DNA demethylation per se – for example by recruiting ancillary
remodeling factors – is not a prerequisite for epigenetic
reprogramming (Simonsson and Gurdon, 2004). It is possible
that modifications of restricted, functionally important chroma-
tin domains (Kaji et al., 2006) are not representative of the global
changes we detected. Nevertheless, these findings question the
role of sperm-derived DNA methylation at fertilization and it
seems all the more intriguing that an active mechanism should
have evolved for widespread paternal genome demethylation in
some (but not all) species, including mice. Although paternal
genomic demethylation has previously been attributed in part
to a sperm-borne activity (Beaujean et al., 2004) the genomes
of cauda epididymidal sperm heated to 100°C (Bhds) undergo
demethylation, arguing against this. In addition, demethylation
of sperm genomic DNA is separable from pronuclear
formation (Santos et al., 2002). These findings strongly
suggest that paternal genomic DNA methylation is mediated
by one or more activities present in the mII cytoplasm.
Heterogeneity between MeH3-K9 in maternal and paternal
chromatin further exemplifies sustained epigenetic compart-
mentalization within mII cytoplasm. This occurs in the absence
of nuclear membranes such as those of zygotic pronuclei and its
underlying mechanism cannot simply be accounted for by a
physical membrane barrier. The segregation of MeH3-K9-en-
riched chromatin in parental genomes could target MeC-
recognizing activity to the paternal genome for DNA demethyla-
tion (Arney et al., 2002). However, whereas persistent MeH3-K9compartmentalization is established immediately on sperm entry,
paternal genomic DNA demethylation is relatively delayed
(Figs. 2E, 3A) suggesting an additional tier of regulation.
MeH3-K4 appeared in Chd-derived pronuclei but was absent
at the same time (6 h) post-injection of Hhds in mII cytoplasm
(Fig. 2E). Thus, gross methylation of paternal H3-K4 (detected
using a pan-MeH3-K4 antibody) is influenced by the cell cycle,
showing that the remodeling capacities of mII and zygotic
cytoplasms are not equivalent. Although MeH3-K4 is asso-
ciated with transcriptionally active loci (Schübeler et al., 2004),
it does not correlate with gene activity in embryonic stem (ES)
cells (Kimura et al., 2004). This situation contrasts with early
embryogenesis because depletion of maternal Brg1 (Fig. 1F)
suppresses ZGA and reduces levels of di-MeH3-K4, suggesting
that such a correlation exists in zygotes (Bultman et al., 2006). It
has been suggested that this dimethylation of H3-K4 precedes
ZGA (Bultman et al., 2006). However, our data indicate that
maternal factors are insufficient to mediate the acquisition of
diMeH3-K4 (Fig. 2E), which is thus likely to occur close to the
onset of ZGA and possibly even after it.
Certain key technical aspects of nt are not responsible for the
distinct pattern of reprogramming undergone by somatic cell (as
opposed to sperm) nuclei at mII. For example, enucleation is
typically performed while mII oocytes are bathed in media
containing the microfilament (poly-β-actin) disrupting agent,
cytochalasin B, which is also subsequently included to suppress
cytokinesis (Willadsen, 1986; Wakayama and Perry, 2002).
However, the yeast actin-related protein (ARP) and β-actin are
both accessory proteins in the H4 HAT complex, NuA4
(Galarneau et al., 2000; Doyon et al., 2004), leading to the
possibility that disruption of microfilaments might also interfere
with HAT activity in mammalian mII oocytes. Our data suggest
that this is not the case: patterns of histone modification were
unaffected by enucleation and therefore did not require the
presence of the maternal mII plate (Fig. 5A). In addition, AcH4-
K12 similarly appeared in the chromatin of Chds, or of Hhds
following activation with SrCl2 (Fig. 2A), suggesting that the
activating agent typically used in mouse nt does not alter sperm
chromatin remodeling per se (Wakayama and Perry, 2002).
Indeed, mammalian oocyte activation by SrCl2 and fertilization
have recently been shown to occur through a common signaling
node: Cdc20 (Shoji et al., 2006). In yeast, the APC phy-
siologically regulates core histone acetylation by a mechanism
that might involve the inactivation of Aurora A kinase (Honda et
al., 2000; Ramaswamy et al., 2003). The involvement of either
APC or Aurora A kinase (Sarkissian et al., 2004) at mII would
have to account for the asymmetric distribution of AcH4-K12
between paternal and maternal chromatin within a single oocyte.
Differential sperm and somatic chromatin H4 acetylation
corresponds to the period of reprogramming in mouse nt cloning
(Wakayama and Perry, 2002) and could, a priori, contribute to
the high level of developmental dysfunction in nt (Ogura et al.,
2002; Bortvin et al., 2003). Exposure to TSA during and after
the activation of development in nt results in a marginal im-
provement in development compared to controls (Rybouchkin
et al., 2006). Poor nt embryo development in these cases is
unlikely to be because the AcH4 profiles of parental genomes
476 N. Yoshida et al. / Developmental Biology 301 (2007) 464–477are indistinguishable; even when gametic AcH4 profiles in
fertilization are rendered indistinguishable due to TSA treat-
ment, they support efficient development (Figs. 7E, F). It
remains to be seen whether the same is true when the chromatin
of both parental genomes is hypoacetylated.
By delineating the functional remodeling capacity of the mII
cytoplasm, the approach described here should facilitate
comparisons between sperm- and somatic cell-derived chroma-
tin remodeling and thereby define the critical parameters in
reprogramming that produce an embryonic genome.
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